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Chapter 1: General introduction 
 
1.1 Calcium phosphate minerals 
1.1.1 Family of calcium phosphates 
Calcium phosphate represents a family of minerals that contains calcium ions (Ca2+) 
together with orthophosphates (PO43-), metaphosphates (PO3-) or pyrophosphates 
(P2O74-) and occasionally hydrogen or hydroxide ions.  In the field of biology, 
medicine, dentistry, geology, and industry, calcium phosphates are very significant 
materials. The formation, function, and application of the calcium phosphates family 
depend on their structure, composition, solubility and stability1. 
 
There are nineteen known compounds in the ternary system Ca(OH)2-H3PO4-H2O, 
Table 1.1 shows abbreviations, formulas, and Ca/P ratios of those calcium 
phosphate compounds1-3.  
 
The solubility of select calcium phosphate compounds as a function of pH is shown 
in Figure 1.1. Concentration of Ca2+ ion decreases with pH up to about 8 or 9, and 
increases again at higher pH values (Figure 1.1 (a)). Among all the calcium 
phosphates, HAp is the least soluble and most stable one in the pH = 5-10 range. 
On the other hand, with the exception of DCPD and DCPA, PO43- concentration of 
calcium phosphates decreases with pH increase, indicating those calcium 
phosphates are more stable in alkaline solution (Figure 1.1 (b)). 
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Table 1.1 Calcium phosphate compounds with abbreviations and chemical formulas 
Name Abbreviation Formula Ca/P 
Tetracalcium Phosphate TTCP Ca4O(PO4)2 2.0 
Hydroxyapatite HAp Ca10(PO4)6(OH)2 1.67 
Amorphous calcium phosphate  ACP Ca10 -xH2x(PO4)6(OH)2  
Tricalcium phosphate (α, β, γ) TCP Ca3(PO4)2 1.50 
Octacalcium phosphate OCP Ca8H2(PO4)6·5H2O 1.33 
Dicalcium phosphate dihydrate 
(Brushite) DCPD CaHPO4·2H2O 1.0 
Dicalcium phosphate anhydrous 
(Monetite) DCPA CaHPO4 1.0 
Calcium pyrophosphate (α, β, γ) CPP Ca2P2O7 1.0 
Calcium pyrophosphate dihydrate CPPD Ca2P2O7·2H2O 1.0 
Heptacalcium phosphate HCP Ca7(P5O16)2 0.7 
Tetracalcium phosphate diacid TDHP Ca4H2P6O20 0.67 
Calcium dihydrogen phosphate 
monohydrate 
MCPM Ca(H2PO4)2·H2O 0.5 
Calcium metaphosphate (α, β, γ) CMP Ca(PO3)2 0.5 
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(a) 
 
(b) 
Figure 1.1 Solubility phase diagrams for the ternary system, Ca(OH)2-H3PO4-H2O, at 
37˚C showing the concentrations of (a) calcium and (b) phosphate ions as a function 
of pH in a solution saturated with various calcium phosphate salts1 
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1.1.2 Hydoxyapatite  
Among all the calcium phosphate compounds, Hydroxyapatite (HAp) has always 
been the hotspot of researchers for its similarity to the hard tissues, e.g. bone and 
teeth, and biocompatibility to the inner body environment.    
 
Hydroxyapatite, Ca5(PO4)3(OH), is usually written as Ca10(PO4)6(OH)2 because its 
crystal unit cell contains two molecules. Chemically pure HAp crystallizes in the 
monoclinic space group P21/b, but it transforms to hexagonal phase space group 
P63/m above 250˚C4.  Both Figure 1.2 and Figure 1.3 show the structure of HAp.  
 
Figure 1.2 Structure of Hydroxyapatite (Hexagonal, space group P63/m)2 
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Figure 1.3 Hexagonal hydroxyapatite structure with P representing PO4 groups3 
 
There are several methods for the synthesis of HAp. These approaches may be 
divided mainly into solid-state reactions and wet chemical methods. Precipitation 
and hydrothermal methods are two of the more common methods of wet chemical 
synthesis4.    
 
One of the easiest way to prepare HAp is to mix the Ca2+ and PO43- containing 
solutions with exact stoichiometric quantities at pH>8, followed by boiling for a few 
days to eliminate CO2, then filtrating drying, and usually sintering at ~1000˚C5. 
Hydroxyapatite can also be synthesized by solid-state reaction by reacting lower 
calcium phosphates, e.g. MCPM, DCPA, DCPD or OCP with CaO, Ca(OH)2, or 
CaCO3 at T>1200˚C4. Another method that involves binding Ca2+ with EDTA is a 
homogeneous wet chemical method, which offers some advantages over the direct 
precipitation approach. Since Ca2+ is tied up by EDTA, it will not react with PO43- in 
the solution. Heating the Ca-EDTA complex to ~90˚C in the presence of H2O2 will 
gradually release Ca2+ into solution, and facilitate the precipitation of HAp when pH 
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is adjusted to > 8. Hydrothermal urea hydrolysis and enzyme catalyzed urea 
hydrolysis are two other methods. They utilize the decomposition of urea, which 
slowly increases the pH to > 8 of the solution homogeneously at elevated 
temperatures, facilitating the formation of HAp uniformly. These two methods will be 
discussed in detail in section 1.4.  
 
Pure HAp never occurs in natural biological systems. Nevertheless, due to its 
chemical similarities to the bone mineral, moreover, since it is the most stable and 
least soluble phase among all CaP compounds at neutral pH, as is the pH of body 
fluid (pH~7.4), hydroxyapatite has been widely used in orthopedic applications. It is 
usually coated on orthopedic implants such as hip joint and artificial knee to enhance 
the biocompatibility. It is also synthesized on the surface and inside the pores of 
polymer scaffold in tissue engineering to facilitate the bone growth and 
vascularization.    
 
1.2 Biomineralization 
1.2.1 General principles 
Biomineralization is a natural process in which elements from the local environment 
are selectively extracted and grasped, then incorporated into functional structure 
under strict biological control. Figure 1.4 shows the relationship between 
biomineralization and environment. The process of biomineralization plays a unique 
role in life science, for it leaves a lasting signature on the environment. The 
formation of bioinorganic materials, for instance, bone and shells, has been recorded 
in fossil records. Biomineralization provides a strong and tough support for 
organisms, for which the inorganic mineral shows hard and stiff but brittle properties, 
whereas organic materials are comparably soft and pliable but tough. In addition, 
biominerals also provide a wide variety of biological functions including protection, 
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motion, cutting and grinding, buoyancy, optical, magnetic and gravity sensing, and 
storage6.    
 
 
Figure 1.4 Biomineralization and the environment6 
 
With the development of the study of biomineralization, focus has shifted towards a 
chemical perspective, and a field of biomimetic materials chemistry was developed. 
Biominerals have also inspired materials chemistry including: 
• The structural and compositional characterization of biominerals 
• Functional properties of biominerals 
• How organic structures control the synthesis, construction, and organization 
of the organic-inorganic hybrid materials formation6  
1.2.2 Biologically controlled mineralization 
Biomineralization is divided into several categories including biologically induced 
mineralization, biologically controlled mineralization, and site-directed 
biomineralization. Biologically controlled mineralization, which produces hard tissue 
such as bone, teeth and shell that have specific biological functions and structures, 
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is a highly regulated process. Species-specific crystallochemical properties and 
reproducibility are the characteristics of this kind of biomaterials6. 
 
1.2.3 Chemical control of biomineralization 
Among all control mechanisms (i.e. chemical, spatial, structural, morphological, and 
constructional), chemical control plays a key role in inorganic precipitation and 
crystallization of biomineralization6.  
• Solubility 
Solubility is a physical characteristic that describes the maximum inorganic solute 
dissolved in a given solvent at equilibrium. It is influenced by the balance between 
lattice energy and ion solvation and complexation in aqueous solution. The 
demineralization of calcium phosphates, especially HAp, also depends on the 
solubility. Fluoride is confirmed to be good at preventing the tooth decay.  When 
HAp crystals in enamel are broken by weak acids, the presence of fluoride and the 
dissolved Ca2+ and PO43- will immediately reprecipitate as fluoroapatite (FAp), which 
is even less soluble than HAp.  The inhibition of teeth decay by F- substitution for 
OH- in HAp can be explained as FAp in both plaque fluid and saliva states are 
undersaturated, the formation of FAp changes the solubility of teeth mineral that 
prevents the demineralization of enamel so that inhibits the teeth decay6. 
• Solubility product 
The solubility product, SPK , of inorganic salt can be related to the equilibrium 
constant, and used to calculate the free energy of dissolution.  
           
SPS KRTG ln−=∆
                                                                      ⑴    
 
Where T is temperature and R is the gas constant. Solubility product is an important 
factor to determine the limitation of precipitation thermodynamically.  When the 
solubility product is less than the activity product, precipitation will occur3, 6. 
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• Supersaturation 
Supersaturation, S  , stands for the ratio of activity product (AP) to the equilibrium 
activity product which is defined by SPK .  
           
SPKAPS /=
                                                                              ⑵
 
Supersaturation provides the driving force for the inorganic precipitation, and also 
relates to the difference of chemical potential: 
SkT ln=∆µ
        ⑶
 
Where µ is the change in Gibbs free energy per unit change in composition, and k is 
the Boltzmann constant6. 
• Nucleation 
The kinetic of restrictions of nucleation often counterbalances the driving force of 
inorganic precipitation, i.e. supersaturation. Homogenous nucleation occurs in the 
bulk of the supersaturated solution, whereas in heterogeneous nucleation, nuclei 
form on the surface of a substrate in the solution. Although homogeneous nucleation 
does not generally take place in biomineralization process, the basic knowledge of 
this process helps the understanding of heterogeneous nucleation at the surface of a 
template. The driving force for the formation of HAp is the change in Gibbs free 
energy, G∆ , for transfer from the supersaturated solution to the equilibrium saturated 
solution with solid Ca-P7 and could be expressed as:     
 
SRTG ln−=∆
 ⑷
 
Where G∆  is the Gibbs free energy of formation, R is the gas constant, T is the 
temperature, and S is the supersaturation6. The supersaturation in the case of HAp 
may be written in terms of the lattice ion activities as: 
( ) 9/1/ SPKIPS =
 ⑸
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Where IP = [Ca2+]5[PO43-]3[OH], and Ksp is the solubility product, the value of which is 
4.7x10-59 at 25˚C8. 
 
During the homogeneous nucleation, the initial stage is the formation of clusters by 
aggregation of solute molecules (or atoms). While the supersaturation degree is less 
than one (S<1), G∆  is always positive, and cluster formation does not occur. When 
the supersaturation degree becomes larger than one (S>1), G∆  has a positive 
maximum at the critical radius r*, with a maximum Gibbs free energy
**)(max GrGG ∆=∆=∆ . The free energy of clusters beyond the critical size will 
decrease by further growth, producing ‘stable nuclei’ that grow to form macroscopic 
particles. Smaller than the critical size, the free energy of clusters will decrease by 
dissolving9. As described in Figure 1.5, the formation of nuclei contributed by the 
difference between surface and volume free energy contributions: 
 
BS GGG ∆−∆=∆
 ⑹
 
where SG∆  is the surface (interfacial) energy, and positive, BG∆  is the bulk energy 
and negative. For the classical case of spherical nuclei, 
 
σpi 24 rGS =∆
 ⑺
 
where σ  is the interfacial free energy per unit surface area, and 
 
mVB VGrG 3/4
3∆=∆ pi
 ⑻
 
where VG∆  represents the free energy per mole associated with the solid-liquid 
phase change, and mV  is the molar volume. At r*, 
 
223 )ln(3/16* SkTG νpiσ=∆
 ⑼
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where ν  is the molecular volume of nucleation solution6.  
 
Figure 1.5 Free energy of nucleation as a function of cluster size6 
 
Theoretically, homogeneous nuclei are formed by aggregates of clusters of critical 
size. The homogeneous nuclei are expected to have three special characteristics: 
very small size (several nanometers), charged surface, and progressive growth of 
high chemical activity. The critical radius r* of the cluster is given by: 
 
SkT
r
ln
2
*
2
νσ
=
 ⑽
 
Where σ  is the solid–liquid interfacial energy (J/m2), ν  the molecular volume 
(m3/mol), k the Boltzmann constant, S the supersaturation degree, and T the 
absolute temperature (K). The charge on the particle depends on the specific 
adsorbed layer, the ionic strength of the solution, pH value, etc. Additionally, the 
charged surfaces and non-stoichiometric states of homogeneous nuclei could 
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provide high chemical reactivity, which becomes the driving force for their further 
growth by consumption of ions from solution. Therefore, we can achieve chemically 
reactive particles with appropriate size and surface charge by controlling 
homogeneous nucleation in a supersaturated solution10. 
 
The classical nucleation theory tells that heterogeneous nucleation preferentially 
takes place at some interface in the system because of the lower free energy of 
nuclei on the foreign bodies10, 11. Particularly for solid-liquid transformations in 
relatively large volumes of liquid, the phenomenon seems crucial that at least the 
first few nuclei that appear originate by a heterogeneous mechanism at the surfaces 
of the containing vessel or of colloidal inclusions in the system11. In the case of 
calcium-phosphate precipitation, models for heterogeneous nucleation have been 
based on the assumption that certain solid bodies irrelevant to the system 
(heterogeneities, inclusions, etc.) encourage phase transformations and 
crystallization by reducing the overall free energy for the formation of the nucleus, 
given as hetG∆ 12. 
 
)(θφ⋅∆=∆ GGhet  ⑾ 
Where 
)cos2()cos1(
4
1)( 2 θθθφ +−=
 ⑿
 
is a function of the wetting angle and accounts for the catalytic potency of the 
substrate with respect to the nucleus formation. The specific surface energies of the 
free surfaces of the droplet and the substrate, and of the substrate-droplet interface 
are denoted by σ, σs, and σi, respectively. Then, the above condition of equilibrium is 
expressed by the well known relation: 
 
θσσσ cos+= is
 ⒀
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In equation ⒀, )(θφ varies from 0 to 1 when θ varies from 0 to pi. In the case of 
complete wetting ( 0)0( ==θφ ), hetG *∆ =0, the liquid has the tendency to spread over 
the substrate as a continuous film. On the other extreme, complete non-wetting 
( 1)( ==πθφ ) results in hetG*∆ = hom*G∆ , which means that the substrate does not 
exert any energetic influence on the nucleus formation and the nucleus has the 
shape of compete sphere, i.e. in homogeneous nucleation9.  
 
When the supersaturation degree exceeds one (S>1), the nucleus sphere reach 
critical radius given by: 
 
SkT
r
ln
2
*
2
νσ
=
 ⒁
 
which does not depend on the wetting angle. 
 
1.2.4 Bioinspired template-directed materials synthesis 
a. Natural bone formation 
The formation of natural bone is such a complex process that it is still not completely 
understood. It is believed that the bone structure is a nano-sized, organic-inorganic 
hybrid, with hierarchical order of its formation. The first level of this process involves 
the self-assembly of the organic component, collagen. Collagen triple helix self-
assembles into fibrils and forms the template for the deposition of inorganic phase. 
The inorganic component, which is very similar to HAp, precipitates onto the 
collagen matrix with a unique directional alignment along the collagen fibrils6, 13. 
Figure 1.6 shows the scheme of this process13.   
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Figure 1.6 Schematic representation of the mineralization of collagen fibrils13 
 
 
Figure 1.7 Comparison of bone size and shape by various analytical tools14 
 
b. Organic-inorganic composites 
The morphology of bone micro-structure has been confirmed as organic-inorganic 
nano-composite by various analytical tools. Although different approaches gave 
different results (as shown in Figure 1.7), the main conclusion is that natural bone 
forms nano-crystalline mineral and with minor dimensional variations, and various 
techniques point to a similar crystalline shape14.   
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c. Bioinspired synthesis of bone-like minerals 
Inspired by the bone structure, a new approach, aiming to establish the scientific 
principles leading to a process similar to the natural bone formation, has attracted 
considerable attentions from the scientific community. It is necessary to identify 
organic-based materials that function similar to collagen to induce and facilitate the 
formation of inorganic minerals. Much progress has already been made by 
mimicking the collagen with bioactive, non-toxic polymers and precipitating HAp onto 
the polymer substrate15-30. The schematic representation of the proposed the 
mechanism is shown in Figure 1.815. 
 
Figure1.8 Schematic representation of Ca-P layer formation on the functionalized 
polymer surface15 
 
The growth rate of inorganic phase depends on the type of polymer functional group, 
which provides different types of chemical bonding to the inorganic components. 
Generally speaking, ionic bonding shows stronger bonding than both covalent bonds 
and Van der Waals bonds. It was found that Ca-P coatings on polymers with -NH2, -
OH, and -COOH end groups have all shown inorganic nucleation and growth. The 
one containing hydroxyl group, especially, exhibited thicker inorganic layer than 
amino and carboxyl groups containing substrates15. Japanese researchers31, 
however, found the order functional groups as the growth rate of inorganic decrease: 
PO4H2 > COOH » CONH2 ~ OH > NH2 » CH3 ~ 0.     
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1.3 Self-assembling block copolymers 
Commercially available Pluronic® F127 triblock copolymer is amphiphilic with a 
structure of poly(ethyleneoxide)-poly(propyleneoxide)-poly(ethyleneoxide) (PEO-
PPO-PEO)32. The system of PEO-PPO-PEO exhibits complex characteristic phases 
when it is dissolved in water. Figure 1.9 shows the concentration-temperature phase 
diagram33
 
of PEO25-PPO40-PEO25 (P85). Response of PPO to aqueous solution 
depends on temperature. It exhibits high solubility at temperature below 15˚C 
whereas phase separation is observed at higher temperatures. However, PEO is 
mainly hydrophilic within a wide temperature range from 0 to 100˚C. Therefore, the 
combination of these two blocks exhibits characteristics of an amphiphilic single-
polymer chain, which leads to a variety of self-assembly structures such as spherical 
micelles, rod-like micelles, cubic BCC, lamellae, etc33-39.   
 
 
Figure 1.9 Phase diagram of P85 Pluronic polymer in D2O33 
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Figure 1.10 Structure of Pluronic® F127 triblock copolymer 
 
 
(a) 
 
(b) 
Figure 1.11 Structures of Pluronic® F127 modified (a) penta-PDEAEM and (b) penta-
PAA block copolymers 
 
In the present study, nonionic Pluronic® F127 (Mn = 12600, 70% PEO or PEO100-
PPO65-PEO100)32 as shown in Figure 1.10 was utilized. The Pluronic® F127- modified 
pentablock copolymers with the structure of A-PEO-PPO-PEO-A synthesized by 
Mallapragada and Kanapathipillai were also used. The modified  block is either 
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poly(2-diethylaminoethyl methacrylate) (PDEAEM) with amino functional groups32, or 
poly(acrylic acid) (PAA) with carboxyl functional groups (see Figure 1.11). The 
micellization and gelation phase diagrams of penta-PDEAEM and penta-PAA block 
copolymers are shown in Figure 1.12. 
 
 
 
Figure 1.12 Temperature / concentration phase diagram of pentablock polymer in 
water32 
 
Self-assembly of pentablock copolymers leads to formation of uniform, spherical 
micelles which were imaged by Cryo-TEM. The following micrograph (Figure 1.13) 
shows the micelles (PDEAEM20-F127-PDEAEM20 pentablock copolymer) and their 
size distribution. The average diameter of the micelles is measured to be around 60 
nm for this particular system32.  
 
19 
 
 
 
Figure 1.13 Cryo-TEM micrograph of a 3wt% PDEAEM pantablock copolymer 
solution in phosphate buffer solution at pH=7.432 
 
1.4 Enzyme-catalyzed urea decomposition  
Urea is highly soluble in water and is, therefore, an efficient way for the human body 
to expel excess nitrogen. The urea hydrolysis is also a natural way to turn urea into 
ammonia. The process follows the stoichiometric equation 
 
                                                                                                                   ⒂   
The urea decomposition may be facilitated by two ways: hydrothermal and catalysis 
by the enzyme urease. Hydrothermal method requires the solution temperature to be 
at ~70˚C or higher for a reasonable urea decomposition rate. As temperature rises, 
ammonium hydroxide and carbon dioxide are released, which raise the solution pH. 
The mechanism of urea hydrothermal method was studied extensively40, 41, and 
H2N-CO-NH2+3H2O              2NH4OH+CO2             
       or 
urease 
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since HAp is the most stable phase in the range of pH 5-10, this method has widely 
been used in the precipitation of HAp and other inorganic salts42, 43. 
 
Bioresorbable carbonate containing HAp (CO3HAp) was developed by Mizutani et al. 
utilizing urea hydrothermal treatment at 140˚C for 24 h42. The dissolution behavior of 
the product was proved to be more soluble than HAp and as soluble as OCP and β-
TCP. 
 
Spherical agglomerates of nanocrystalline nickel hydroxide particles were obtained 
through aqueous solution containing urea at 90˚C by Akinc et al43. In this study, pH 
increased from initial value ~5.75 to final ~7.5 after 120 min aging time, facilitating 
the precipitation of Ni(OH)2.  
 
Enzyme catalyzed decomposition may be carried out at room temperature. The 
mechanism and kinetics of urea hydrolysis by urease have been well established44-50. 
It is believed that with the increase of the concentration of urea, the reaction rate 
between urea and urease increases linearly, which determines the rate of the pH 
increase. The hydrolysis rate with enzyme concentration will go through a maximum 
then decreases46. The Ni-containing metalloenzyme urease catalyzed urea 
decomposition is demonstrated to be 1014 times faster than the uncatalyzed urea 
hydrolysis51-53. The structure of urease is complex with two Ni atoms bridged by a 
carbamylated lysine residue (Figure 1.14)50.  
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Figure 1.14 Active site of urease50 
 
The mechanism of urea hydrolysis by urease is presumed to occur in 3 steps: (a) the 
di-nickel complex (as Figure 1.14 shows) coordinates the urea matrix; (b) one proton 
transfers from a ligand water to an N atom in urea; and (c) a proton is removed from 
HN2 group of protonated urea thereby making it easy to break C-N bond of the 
disproportionated urea (H3NCONH) to release ammonia50. 
 
Furthermore, there are reports about the influence of buffer on the urea-urease 
system44, 45, 49, 54-56. Phosphate has long been considered as buffer solution for it 
inhibits the activity of urease. Earlier researchers reported that below pH 6.0, the 
inhibition of phosphate to urease could be ignored, however, above pH 6.0, the 
activity of urease decreases57. Later it is pointed out that high concentration of urea 
in the presence of phosphate buffer shows a similar inhibition49. An effective way to 
minimize the inhibition, although still not quite clear, is to adjust the urea, urease, 
and buffer amounts to achieve a balance in order to maximize the urease activity.   
 
Urea-urease system has been used in the precipitation of many inorganic salts 
which are stable at neutral or basic pH solutions. The advantage of urea-urease 
22 
 
 
system is that it works at much lower temperatures than urea alone and without any 
strong base addition58. Synthesis of metal hydroxides, aluminum basic sulfate, 
hydrated aluminum sulfate and calcium carbonate, and even polymers, have all 
been reported59-62. The morphology of hydrated aluminum sulfate has demonstrated 
to show finer size, weaker agglomerates and better sintering behavior than those 
formed by urea hydrothermal method61.  
 
Due to the ability of urease to catalyze urea hydrolysis at low temperature, it has 
always been considered as one of the most favorable approaches to synthesize 
bone-like HAp58, 63-68. Hydroxyapatite precursors have formed at 37˚C in urea and 
urease containing simulated body fluid (SBF). The precipitated HAp showed 
amorphous morphology and carbonate incorporation which was transformed into 
crystalline, single-phase HAp after calcining at 1100˚C for 6 hours58, 63. In another 
study, SEM micrographs (Figure 1.15) show plate or sheet-like morphology of HAp 
crystalline particles by urea-urease approach at 40˚C64.   
 
 
Figure 1.15 SEM micrographs of HAp synthesized in the presence of urea and 
enzyme urease at 40˚C64 
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Abstract 
Natural bone is an excellent model for nanoscale hybrid materials formed by self-
assembled organic phase, collagen, which guides the formation of directional 
nanocrystalline hydroxyapatite. Inspired by the formation of the bone, temperature 
and pH-sensitive self-assembling tri- and penta-block co-polymer were employed to 
form Hydroxyapatite (HAp) containing nanocomposite hydrogels. HAp was 
precipitated by raising pH gradually and homogeneously. Urea decomposition was 
achieved by the addition of enzyme urease. XRD, SEM, TEM and EDS analysis 
confirmed the formation of HAp. The hydrogels showed the existence of amorphous 
hydroxapatite. The inorganic phase exhibited thin sheet-like structure with a length 
of hundreds nanometers but only 5-10 nm thick. HRTEM, STEM, electron diffraction 
and SEM confirmed the nano-crystalline phase of HAp in dry state. The nano HAp 
sheets assembled to form clusters in the presence of polymer. The inorganic 
component was significantly less than that found in natural bone, accounting for 4-6 
wt% of the wet hydrogels. It was also shown by NMR that organic and inorganic 
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components were in intimate contact. Samples prepared with Pluronic at 37˚C 
showed smaller feature size than that with PAA. 
 
Introduction 
With its unique chemical similarity to the crystalline apatite in natural bone and good 
biocompatibility with body tissues, hydroxyapatite (HAp) (Ca5(PO4)3(OH)) has long 
been one of the most appealing materials for the bone implantation and 
reconstruction1-3. In recent years, biomimetic technique became a preferred 
approach for the bone restoration applications as a way to design the process from 
nature. In natural bone, the mineral deposits on the self-assembled collagen triple 
helix fibrils, and grow as organic-templated inorganic nanocomposites4, 5. 
 
Templating is one of the most frequently used approaches to synthesize materials 
with certain structural units and is widely utilized in the biomimetic methods to 
produce artificial bone6, 7. Polymers with various functional groups have been 
employed as soft substrates to allow the precipitation of minerals. The polymers 
with polar functional groups may ionize in the aqueous media and attract either 
Ca2+ or PO43- ions to establish organic-inorganic interactions6. Figure 2.1 is a 
schematic illustration of synthesis of bone-like structure. Poly (2-hydroxyethyl 
methacrylate) (pHEMA) served as hydrogel scaffold, and drove the mineralization of 
calcium phosphate by decomposition of urea hydrothermally in the simulated body 
fluid (SBF)8.  
28 
 
 
 
Figure 2.1 Schematic representation of HAp mineralization on the pHEMA hydrogel 
scaffolds by urea hydrothermal decomposition8 
 
In the above illustration, Ca2+ ions in the solution first associate with ester groups 
formed by increasing pH; afterwards, PO43- ions interact with Ca2+ on the surface of 
the pHEMA template. The urea containing solution was heated to 95˚C for the 
hydrolysis of urea. The decomposition of urea gradually raised the pH of the whole 
system to pH~8. Since HAp is the most stable phase among all the calcium 
phosphates9 at pH~8, the inorganic layer formed on the polymer substrate was 
confirmed to be HAp. X-ray diffraction (XRD) results showed broad peaks of HAp 
indicating that the product was either nanocrystalline or amorphous. Energy 
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dispersive spectroscopy (EDS) showed Ca/P ratio as ~1.6, which is typical for HAp8, 
10, 11
.  
 
The interaction between organic template and inorganic phase is limited by the 
surface functionality of the polymer, type of functional groups on the polymer, and 
concentration of polymer, etc., which restricts the templating and formation of 
nanocrystal12. A bottom-up approach was then developed by using self-assembling 
thermo- and pH-reversible block co-polymer gels6, which prevents problems such 
as aggregation of nanoparticles, high viscosity of the nanostructured materials and 
incompatibility of the particle surface and ionic solutions with the polymers12.  
 
By producing triblock co-polymer Pluronic F127 (PEO99PPO65PEO99) as template, 
Zhao et al.13 prepared mesoporous HAp in co-precipitation method at 90˚C, pH=12. 
They also found the surfactant concentration has a great influence on the HAp 
particle morphology. A higher surfactant concentration (10 wt%) resulted in 
spherical particles with ~100 nm in diameter, whereas the lower concentration (3 
wt%) produced rod-like ~100-300 nm in length and ~40-50 nm in diameter particles.  
 
In our group, brushite has been templated on the self-assembled block co-polymer 
to form nanocomposite gels in acidic solutions (pH=1 and 3) and at room 
temperature14. Pluronic F127 (PEO100PPO65PEO100) and poly(2-
diethylaminoethylmethacrylate) (PDEAEM) modified Pluronic F127 pentablock co-
polymer self-assembled into micelles at low temperature, which were transformed 
into viscous gels above 25˚C. The block co-polymer, when mixed with inorganic 
solution containing Ca2+ and PO43- ions, formed a “micelle core-calcium phosphate 
shell” structure. The solid-state NMR study of nanocomposites formed from this 
process indicated a disordered brushite in contact with Pluronic F127 co-polymer 
while brushite formed in the presence of pentablock co-polymer was more ordered. 
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It was also shown that the brushite particle size was <15 nm in the Pluronic F127, 
whereas particle size of brushite was >30 nm in pentablock co-polymer. The 
bottom-up approach described above represents a better mimicking of the bone 
formation by biomineralization on the collagen matrix albeit brushite was the 
inorganic phase rather than the hydroxyapatite in the above study. Recently, our 
group synthesized self-assembling, thermo-reversibly gelling anionic and 
zwitterionic pentablock copolymers that templated brushite nanocomposites with 
controlled particle size and ordered structure12. SAXS experiments indicated that a 
large fraction of the polymer micelles were templated by calcium phosphate. TEM 
showed the polymer micelles enwrapped by the inorganic phase, and 1H-31P NMR 
indicated that the particle size of the calcium phosphate ranged  from ~2nm 
to >100nm 15.  
 
Since hydroxyapatite is the most stable and least soluble phase in a pH range from 
5 to 10 among all the calcium apatites2, 9, decomposition of urea in aqueous 
solutions is practiced often to produce HAp. Urea decomposition may be achieved 
either hydrothermally and or by enzyme catalysis. In both ways, urea hydrolysis 
generates ammonia that yields hydroxide ions to raise the pH of the solution. 
Moreover, both approaches provide a gradual change of pH across the solution 
without a local pH spikes that would lead to uncontrolled precipitation 8.  
 
 
 
In the hydrothermal method, the solution containing urea is heated to T>70˚C to 
facilitate the decomposition of urea. Ammonia generated by the urea decomposition 
raises the pH of the solution16, 17. Urea decomposition may also be achieved by the 
H2N-CO-NH2+3H2O              2NH4OH+CO2 
       or 
urease 
 
10Ca2++6PO43-+2OH-           3Ca10(PO4)6(OH)2 
31 
 
 
enzymatic action of urease. Aluminum basic sulfate18, calcium carbonate19, and 
HAp particles20-23 have all been synthesized by enzyme-catalyzed urea 
decomposition. It is worth mentioning that the enzyme-catalyzed aluminum basic 
sulfate particles were finer than hydrothermal one17.   
 
Early preparation of HAp powders at 37˚C in urease containing urea SBF was 
reported by Bayraktar20 and Jokic et al.21. The latter group employed several 
temperatures (30˚C, 35˚C and 40˚C) and reagents/urease concentration ratios to 
study the role of these variables on the particle characteristics. For all the 
temperatures studied, carbonated and poorly crystalline HAp was formed. The 
lower reagents such as urea, phosphate, calcium to urease ratio led to reduction in 
particle size of HAp to less than 100 nm, and the surface morphology changed from 
sheet-like to spherical particles.  
 
Similarly, bone-like hydroxyapatite was deposited by urease catalyzed urea 
decomposition on the surface of silk cloth within 3 hours by Unuma et al.24. The 
resultant hydroxyapatite was poorly crystalline, calcium-deficient, and had 
carbonate ions substituted both phosphate and hydroxyl sites. A considerably high 
precipitation rate was also achieved.  
 
The present study attempted to mineralize hydroxyapatite on self-assembled block 
co-polymer hydrogel by the urease-catalyzed urea decomposition. Temperature-
sensitive PDEAEM and PAA modified Pluronic F127 (PEO100PPO65PEO100) 
pentablock co-polymer (Figure 2.2) were employed as polymer templates. The 
polymers self-assemble and form micelles in solution at low temperature. When 
temperature is raised or the concentration of polymer increases, the micelles tend 
to aggregate to form viscous gels (Figure 2.3). PEDAEM modified pentablock 
copolymer exhibits cationic characteristics at low pH while PAA pentablock 
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copolymer exhibits anionic characteristics at high pH, allowing ionic interaction with 
inorganic ions 14. Structure, morphology and composition of the hydrogel were 
characterized by XRD, TGA, FTIR, SEM, TEM, EDS and NMR.   
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Figure 2.2 Molecular structures of (a) Pluronic F127, and its modified (b) PDEAEM 
and (c) PAA pentablock copolymers 
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Figure 2.3 Temperature / concentration PDEAEM pentablock copolymer phase 
transitions in water25 
 
Materials and methods 
All chemicals used in this research were obtained from Fisher Scientific (Fair lawn, 
NJ) and are of laboratory grade and purity. The chemicals were used without any 
further purification. 
 
Preparation of hydrogel 
4g polymer (either triblock Pluronic F127 or pentablock PDEAEM or PAA modified 
Pluronic F127) was dissolved in 10ml 1.5M calcium nitrate (Ca(NO3)2·4H2O) and 6ml 
1.5M ammonium dihydrogen phosphate (NH4H2PO4) solution ([Ca2+]/[PO43-] = 1.67 
as in HAp), to yield approximately 14 wt% polymer, and the solution was 
homogenized for 2-3 days at 2˚C. Then, the solution pH was adjusted to ~4. A 
predetermined amount of urea and urease were then added to the solution. The 
mixture was stirred and put in an oven at 60˚C or 37˚C at which the liquid polymer 
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would form a hydrogel. The pH of the gel was measured every several hours, until it 
reached pH≥8 (within a week). The hydrogel was then aged for another 24 hours. 
Experimental parameters are shown in Table 2.1 while Figure 2.4 shows the pH 
change with time for each sample. Sample Pluronic 37 reached the highest pH value 
after 100 hours aging and it took the longest time for PAA to attain pH ~8.0, which 
might be due to acidity of this polymer PAA in aqueous solution.   
 
Table 2.1 Amounts of reagents and aging temperature used in nanocomposite 
hydrogel samples 
Sample 
Ca(NO3)2·4H2O           NH4H2PO4                     Urea Urease T 
mmol               mmol g    mg °C 
Pluronic 60# 15 9    6 200 60 
Pluronic 37 15 9 7 300 37 
PDEAEM* 15 9 10 500 60 
PAA** 15 9 6 200 60 
#Sample designation Pluronic 60 refers polymer Pluronic and temperature of 60°C 
* In this particular sample, first 9mmol H3PO4 was added as a phosphate source 
followed by15 mmol Ca(NO3)2·4H2O. 
** 3 mmol NaOH was added to the solution prior to NH4H2PO4 addition for this 
acidic polymer. 
 
Hydrogel-calcium phosphate nanocomposites prepared as described above were 
freeze-dried by freezing in liquid nitrogen followed by vacuum drying at a reduced 
temperature. 
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Figure 2.4 Variation of pH with time for hydrogel/calcium phosphate 
nanocomposites  
 
Characterization of hydrogel nanocomposites 
The phase identification of the inorganic precipitate was carried out by a θ-θ X-ray 
diffractometer (PANalytical, PW3040/60 X’pert PRO, Westborough, MA). The 
sample was placed on a stainless steel sample holder with zero background silicon 
substrate and covered by a piece of X-ray transparent film made from polyimide. 
Freeze-dried powders were also packed on the zero background sample holder. 
The Cu Kα X-ray source was set to 45kV and 40mA with samples scanned at a rate 
of 1.0°/min over 10<2θ<60°. ICCD database and Scintag DMSNT search/match 
software was used to carry out the phase analysis. 
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Thermogravimetric analysis (TGA) of the samples was performed by a Q50 thermo 
gravimetric analyzer (TA instruments, New Castle, DE) to obtain the fraction of 
inorganic phase. Approximately 25 mg of the gel or freeze dried sample was placed 
in a platinum holder and the experiments were carried out in a flowing nitrogen 
environment. The program was first set to hold the sample at 50˚C for 1 min, then 
heated from 50˚C to 120˚C at a rate of 5.00˚C /min, and finally, heated from 120˚C 
to 950˚C at a rate of 10.00˚C/min. 
 
Fourier transform infrared spectroscopy (FTIR, Brucker, Brucker IFS 66v/S, 
Fremont, CA) was used to elucidate the chemical characteristics of the 
nanocomposites. Freeze-dried sample was mixed and grinded with KBr powder 
with a weight ratio 1:100. Then the fine powder was pressed to pellets. Samples 
were scanned at a resolution of 4cm-1, with a total scan time of 256 seconds.  
 
Morphology of the freeze-dried samples was observed by scanning electron 
microscopy (SEM, JEOL, JEOL 5910, Peabody, MA). Double stick adhesive carbon 
tape was attached on an aluminum stub and the freeze-dried sample was pressed 
on the carbon tape as a thin layer with a flat surface. Samples for morphological 
observation were coated with a Pd-80% Au-20% sputter coater. Some of the 
samples were coated with carbon for estimating the Ca/P ratio. Morphological 
observations were carried out in SEI mode at 10kV, and aperture # 2 (30 µm in 
diameter).  Energy dispersive spectroscopy (EDS, ThermoNORAN, Vantage, 
Waltham, MA) was performed at 30kV, aperture # 3 (60 µm in diameter) and tilted 
by 15°. 
 
TEM and HRTEM images were captured on a FEI-Tecnai G2-F20 (FEI Inc., 
Hillsboro, Oregon) scanning transmission electron microscope (STEM) equipped 
with an Energy Dispersive X-ray Spectrometer (EDS) (EDAX Inc., Mahwah, NJ). 
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The nanocomposite gel samples were diluted by water to obtain 10 wt% polymer 
solutions. The solution was placed in an ultrasonic water bath for 3 min. 
Approximately 50 µL aliquot was placed onto a Formvar coated copper grid, and 
the contents were allowed to settle for 1 min. The supernatant was wicked away 
and 50 µL 1% ammonium molybdate solution (pH ~ 8) was applied for 30 seconds 
as a negative contrast stain. The excess liquid was wicked and the sample was 
allowed to dry before TEM observations. 
 
Solid state NMR was performed to study the structural features of polymer-CaP 
nanocomposites. The experiments were carried out by using a Bruker SDX400 
spectrometer (Bruker-Biospin, Rheistetten, Germany) at 400 MHz for 1H and 162 
MHz for 31P. 6.5-kHz and 7-kHz magic-angle spin (MAS). 1H-31P NMR experiments 
were performed by using a Bruker 4-mm double-resonance MAS probehead. The 
90° pulse lengths were 5 µs for 1H and 4 µs for 31P in the 4-mm probe. The direct-
polarization experiments were carried out with recycle delays of 100 s at 6.5 kHz 
MAS. 2D 1H-31P correlation experiments without homonuclear decoupling, using the 
wideline separation (WISE) NMR pulse sequence with hypercomplex data 
acquisition, were performed using 100 20-µs t1 increments and 5-s recycle delays. 
Lee-Goldburg cross polarization (LGCP) was used for polarization transfer from 1H 
to 31P in “WISE” experiments with contact times of 0.7 ms and 0.5 ms, respectively. 
The hydroxide proton peak at 0.18 ppm and 31P peak at 2.8 ppm in NIST 
hydroxyapatite were used as secondary chemical shift references to calibrate the 
1H and 31P chemical shifts, respectively. All NMR experiments were performed at 
ambient temperature. 
 
Results and discussions 
X-ray diffraction patterns of all hydrogel samples show main peaks of HAp around 
2θ = 26° and 32° (ICDD card # 09-0432) as shown in Figure 2.5. The broad and 
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weak peaks observed for gel samples are most likely due to large water content. 
Alternatively, the inorganic phase could also be nanocrystalline or constitutes only a 
small volume fraction of the nanocomposite. However, these patterns confirm the 
formation of disordered HAp by urease-catalyzed urea decomposition.  
 
 
Figure 2.5 XRD patterns of gel samples. Note hydrogel shows distinct 
hydroxyapatite peaks for Pluronic 60 more clearly compared to Pluronic 37 probably 
due to higher temperature used in this experiment 
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(a) 
 
(b) 
Figure 2.6 XRD patterns of freeze-dried samples, (a) two Pluronic samples, and (b) 
PDEAEM and PAA samples. ●-polymer, ■-urea ○-(NH4)3H2P3O10•H2O and *-HAp 
40 
 
 
When the hydrogels were freeze-dried, crystalline sharp polymer peaks appeared, 
along with the residual urea as shown in Figure 2.6 (a) and (b). Urea peaks in 
PDEAEM sample are especially intense (Figure 2.6 (b)) presumably greater amount 
of urea used in this experiment. Figure 2.6 (a) and (b) also show crystalline HAp 
phase mainly around 2θ = 26° and 32°. The intensities of those peaks are not as 
strong as those of the polymer since the inorganic phase constitutes only a small 
fraction of the sample (Figure 2.7). In addition to the expected phases, a few 
additional peaks showed in the XRD patterns of all four samples that are assumed 
to be (NH4)3H2P3O10•H2O which might have precipitated during the freeze drying 
process. Due to limited number of peaks that could be exclusively assigned to this 
compound, this assignment is best considered tentative at this time.  
 
Figures 2.7 and 2.8 demonstrate the TGA thermograms of gel and freeze-dried 
samples respectively. TGA plots indicate that mass loss for the hydrogels occur in 
several steps over a broad temperature range (Figure 2.7). The first stage 
corresponds to from room temperature to about 120˚C, a steep mass loss that is 
associated with the evaporation of free water. The second stage corresponds to 
pyrolysis of unreacted urea (and to a lesser extent urease), and polymer. We 
believe the mass loss between 150 and 230˚C is primarily due to urea 
decomposition while the mass loss between 230 and 350˚C is associated with 
polymer decomposition14. Slower mass loss between 350 and 600˚C, may be 
associated with dehydration of lattice water, or decarboxylation and dehydroxylation 
of disordered HAp precipitate.  
 
The initial mass loss observed for the gel sample is largely absent in freeze-dried 
samples (Figure 2.8) as expected. For these samples, most of the free water was 
removed during freeze drying process, hence the main mass loss appears above 
200˚C as unreacted urea decomposes. As a result, the inorganic fraction of the 
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freeze-dried samples contains approximately twice as much inorganic phase as the 
hydrogels. 
 
 
Figure 2.7 TGA of nanocomposite hydrogels formed with triblock Pluronic® F127, 
and Pentablock PDEAEM and PAA self-assembling polymers. Note initial steep 
mass loss is associated with evaporation of water and the second major loss is 
presumed to be due to urea pyrolysis and polymer decomposition. 
 
Table 2.2 summarizes inorganic phase content of the gel and freeze-dried samples. 
According to Table 2.2, all experimentally determined values are lower than the 
theoretical values. Since the polymer-inorganic-urea-urease system is quite 
complex in which Ca2+ or PO43- ions may bond to polymer or urea decomposition 
products which influences the nature and extent of calcium phosphate forms. TGA 
results confirm the formation of inorganic phase which persist even after heating up 
to 900˚C, and since only inorganic components of the gel are calcium and 
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phosphate ions, the inorganic phase must be calcium phosphate. The 
experimentally measured calcium phosphate content is generally in good 
agreement with the calculated values14. 
 
 
Figure 2.8 TGA of samples shown in Figure 2.7 after freeze-drying. Note that the 
initial mass loss observed in hydrogels is absent as almost all the free water was 
removed during freeze-drying 
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Table 2.2 Comparison of nominal and experimental inorganic contents of the 
nanocomposite hydrogels 
 
Sample 
Gel 
Theo. 
wt% 
Gel 
Exp. 
wt% 
Dried 
Theo. 
wt% 
Dried 
gel* 
wt% 
Freeze-
dried 
wt% 
Pluronic 60 6.8 4.6 14.0 9.7 7.3 
Pluronic 37 6.5 6.3 12.7 9.6 6.6 
PDEAEM 5.7 4.1 10.1 8.8 5.9 
PAA 6.6 5.3 13.8 9.0 10.0 
*The initial sample mass was taken the mass after heating the sample to 120˚C 
 
FTIR was employed on freeze-dried samples to identify the chemical groups and 
infer bonding between these groups. Figure 2.9 shows the FTIR spectra of several 
freeze-dried nanocomposite samples described above. 
 
The well-defined peak at 577 cm-1 corresponds to the ν4 band of PO4 and shows a 
slight shift to the higher wavenumber compared to pure HAp. The weak peak at 945 
cm-1 is due to the ν1 mode of PO4 and shifted to the lower wavenumber. 
Characteristic vibrations at 1080 cm-1 and 1118 cm-1 are assigned to the ν3 bending 
mode of phosphate group21 and shifted to higher wavenumber relative to standard 
HAp. The peaks appear at 841 cm-1 and 1456 cm-1 are assigned to v2 and ν3 
bending modes of carbonate respectively26. The stretching vibration at 1574 cm-1 is 
attributed to A2 type of carbonate ion substitution for hydroxyl groups27. Peaks at 
1367 cm-1 and 2908 cm-1 are due to C-H bending and stretching vibrations 
respectively, while 1248 cm-1 is assigned to C-O stretch in the polymer chain28, 29. 
Absorption bands around 3207 cm-1 and 3458 cm-1 are due to the normal 
“polymeric” N-H and O-H stretch, respectively29. Water associated in the solid 
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structure manifests itself with broad absorption bands centered around 1641 cm-1 
and 3333 cm-1 for bending and stretching respectively30. FTIR spectra support the 
formation of HAp as the primary calcium phosphate phase precipitated as well as 
the incorporation of carbonate into the HAp structure resulting from the 
decomposition of urea. 
 
 
Figure 2.9 FTIR spectra of freeze-dried nanocomposites formed with triblock 
Pluronic® F127, and Pentablock PDEAEM and PAA self-assembling polymers 
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All peaks in freeze-dried PDEAEM appear less defined than the other samples. This 
may be attributed to lower calcium phosphate content and higher urea addition 
which is consistent with the TGA and XRD observations. 
 
Surface morphology of the freeze-dried nanocomposite hydrogels was studied by 
SEM.  In general, majority of the inorganic phase appears to be embedded in the 
polymer matrix. Presence of polymer was evidenced by its decomposition under the 
electron beam. The calcium phosphate phase showed up as spherical particles with 
sheet-like surface features (Figure 2.10 (a)). Particle size for calcium phosphate 
ranged from ~0.5 to 5 µm in diameter (Figure 2.10 (b)). The formation of these 
spherical inorganic particles is believed to be clusters of much smaller particles 
forming spherical aggregates of less than 5 µm, as discussed in more detail in TEM 
observations. EDS point scans were also recorded for the elemental analysis of the 
inorganic component. Data was collected for 100 s for each point. Each spherical 
particle indicated an abundance of Ca and P signal and the approximate ratio of 
Ca/P was ~1.61, which close to the Ca/P ratio of stoichiometric HAp (1.67). 
 
 
(a) 
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(b) 
Figure 2.10 SEM micrographs of freeze dried samples obtained in the presence of 
(a) Pluronic 37, and (b) PAA self-assembling polymer gels. Scale bar = 2 µm 
 
TEM micrographs show much more detailed information of the morphology of the 
gels that were dried on the TEM grid. Darker areas are considered to be inorganic 
part that did not get stain, whereas lighter areas assumed to be organic component. 
Low magnification images are shown in Figure 2.11(a) and (b), both PDEAEM and 
PAA illustrate the needle-like inorganic particles. However, these needle-like 
particles are most likely to have sheet-like morphology with an orientation that is 
perpendicular to the observation stage or curled sheets. A more convincing 
illustration for the sheet-like morphology is shown in Figure 2.12 (a) and (b) where 
large and thin sheet-like particles lay parallel to the stage. These sheets are 
measured in hundreds nanometers length but, only ~5-10 nm thick.    
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                                     (a)                                                      (b) 
Figure 2.11 Low magnifications TEM micrographs showing clusters of inorganic 
phase obtained in the presence of (a) PDEAEM and (b) PAA pentablock polymer 
gels 
 
 
(a)                                                       (b) 
Figure 2.12 Higher magnification micrographs of inorganic phases illustrating sheet-
like morphology of the hydroxyapatite formed in the presence of (a) Pluronic® at 
37˚C, and (b) PAA self-assembling polymer gels 
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High resolution TEM (HRTEM) images provide a detailed view of the inorganic 
nanocrystals formed in the presence of polymer. Clear lattice fringes of calcium 
phosphate nanocrystals are illustrated in Figure 2.13 (a) and (b). 
 
The lattice spacing was also measured from HRTEM image shown in Figure 2.14. 
HRTEM image reveals two d-spacings with different orientation. The first one, d1, 
was measured to be 3.36 Å, which is in agreement with the (002) plane of HAp 
(ICCD card # 09-0432); and for the second, a 2.81Å d-spacing was obtained which 
corresponds to (211) plane of HAp. The actual d-spacings of HAp are shown in 
Table 2.3. 
 
 
                                   (a)                                                       (b) 
Figure 2.13 HRTEM images of the crystalline inorganic phases formed in the 
presence of (a) Pluronic® at 60˚C, and (b) PAA self-assembling pentablock polymer 
gels 
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Figure 2.14 HRTEM image showing lattice fringes for HAp particle obtained in the 
presence of pentablock PAA Self-assembling polymer. Scale bar = 1 nm  
 
Table 2.3 Lattice spacing calculated from electron diffraction 
Sample d-spacing / Å 
Plane (002) (210) (112) (310) 
Pure HAp* 3.44 3.08 2.78 2.26 
Pluronic 60 3.38 3.06 2.74 2.21 
 Pluronic 37 3.39 3.07 2.76 2.23 
PDEAEM 3.36 3.05 2.69 2.23 
PAA 3.42 3.08 2.74 2.20 
* Commercial available HAp purchased from Fisher Scientific  
 
Selected area electron diffraction pattern provides the lattice information as well 
(Figure 2.15). By measuring the distance between two symmetric bright spots, the 
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lattice spacing can be calculated. d-spacing is equal to the diameter of each ring in 
the pattern, which can be measured between two symmetric spots. Table 2.3 shows 
the calculated values of d-spacing for each sample and corresponding d-spacings 
for pure HAp. 
 
 
Figure 2.15 Electron diffraction pattern for Pluronic 37 sample. Each ring represents 
a distinct crystallographic plane. Presence of distinct spots indicates the well 
developed crystallites.  
 
Scanning transmission electron microscopy (STEM) images displace a reversed 
contrast compared to the TEM images illustrated above. The bright areas shown in 
Figure 2.16 are the HAp nanocrystalline clusters. The shape of the clusters looks 
very similar to the ones observed in SEM, and the sizes of clusters are ranging from 
~0.5 to 2 µm, which is also consistent with the SEM observations shown in Figure 
2.10 (b). 
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                                   (a)                                                        (b) 
Figure 2.16 STEM images of the nanocrystalline HAp clusters obtained in the 
presence of triblock Pluronic® self-assembling polymer at 60˚C showing, a) 
spherulite shape of HAp clusters, and b) a sphelurite with EDS scan spots marked. 
Scale bar = 200 nm 
 
EDS data was recorded under the STEM mode. Scan results indicated that the 
intensity of the Ca and P signals in the bright areas was much higher. Two points as 
shown in Figure 2.16 (b) were analyzed for elemental distribution. The Ca/P ratio for 
these two points were found to be as 1.67 and 1.84, respectively, which are close to 
the Ca/P = 1.67 ratio of stoichiometric HAp. Higher Ca/P ratios than stoichiometric 
HAp may easily be explained with the substitution of CO32- ions for PO43- which was 
shown to be the case in this study as discussed in FTIR spectra of the 
nanocomposites above. TEM, HRTEM, STEM and EDS results collectively prove 
the formation of nanocrystalline HAp in the presence of polymer gels. 
 
Figure 2.17 shows NMR spectra of Pluronic 37 nanocomposite. These spectra 
indicate the formation of phosphates in sample Pluonic 37. Based on its chemical 
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shifts, the peaks in Figure 2.17 (a) could be tentatively assigned to hydroxyapatite 
(large peak) and brushite (small shoulder on the large peak). In CP spectrum, a 
chemical shift at 3.9 ppm could not be assigned to any specific phosphate 
compounds unequivocally but as shown in XRD patterns there is an additional 
unknown phase which was tentatively assigned to (NH4)3H2P3O10•H2O. The 
chemical shift at 3.9 ppm may also be due to this phosphate phase that forms 
during the freeze-drying. 
 
Two-dimensional 1H-31P WISE experiments as illustrated in Figure 2.17 (b) and (c) 
reveal the intimate contact between organic and inorganic components that is the 
characteristic of nanocomposites31, 32. Within very short diffusion time, the cross 
peaks do not show up; however, after tens to hundreds of milliseconds, polymer 
proton peaks appear in nanocomposites. Figure 2.17 (b) shows the contour plot of 
the 2D spectra for 0.05 ms and 200 ms, and Figure 2.17 (c) indicates the cross 
sections taken at 3.9 ppm, 2.8 ppm and 1.3 ppm in the 31P dimension. Obviously, 
the polymer protons (CH3 and OCH2) dominates the spectra within 200 ms33.    
 
 
(a) 
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(b) 
 
(c) 
Figure 2.17 (a) 31P CP & DP/MAS NMR spectra of the synthetic Pluronic-CaP 
nanocomposite, and 31P CP/MAS NMR spectra of NIST hydroxyapatite (HAp) for 
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reference. (b) 2D 1H-31P WISE NMR spectra of Pluronic 37 with spin diffusion 
mixing time of 0.05 ms and 200 ms, and (c) Cross sections of the 2D spectra at 3.9, 
2.8, and 1.3 ppm 31P, revealing different 1H environments 
 
 
(a) 
 
(b) 
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(c) 
Figure 2.18 (a) 31P CP & DP/MAS NMR spectra of the synthetic PAA-CaP 
nanocomposite, (b) 2D 1H-31P WISE NMR spectra of sample PAA with spin 
diffusion mixing times of 0.05 ms, 50 ms and 500 ms, and (c) Cross sections of the 
2D spectrum at 1 ppm 31P 
 
NMR results of PAA-CaP nanocomposites are shown in Figure 2.18. The chemical 
shifts in DP and CP/MAS NMR spectra (see Figure 2.18 (a)) exhibited both PO4 
and HPO4, which confirmed the formation of phosphate phases. But the phases are 
more complicated compared to the Pluronic-CaP and other samples previously 
prepared. There might be HAp overlapped with other phases; however, it is difficult 
to deconvolute individual entities to clearly demonstrate each component 
individually. 
 
In the 2D 1H-31P WISE and cross section spectra (as seen in Figure 2.18 (b) and (c) 
respectively), polymer protons did not show up within 50 ms. Protons of CH3 and 
OCH2  appeared only after 500 ms, but their intensity were quite weak. Compared 
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to Pluronic 37, longer diffusion times indicate a larger calcium phosphate crystallite 
size in this particular system. 
 
Conclusions 
The formation of nanocrystalline HAp by urease-caltalyzed urea decomposition in 
the presence of several multiblock self-assembling copolymer gels was studied. 
The polymer/CaP nanocomposite hydrogels were characterized by several methods 
which confirmed formation of carbonated HAp as the main inorganic phase, either 
as amorphous or nanocrystalline phase. Freeze-drying of the gels lead to 
development of nanocrystalline HAp along with a yet unidentified phase, perhaps 
(NH4)3H2P3O10•H2O. The amount of inorganic phase accounted for 4-6 wt% of the 
hydrogels. Upon drying, the inorganic content increased to approximately 9-10 wt%. 
Sample with PDEAEM pentablock co-polymer showed the least amount of inorganic 
which might be attributed to its amino end group that is not as effective in inducing 
HAp nucleation as hydroxyl and carboxyl groups of Pluronic® and PAA respectively. 
It was shown that carbonate was incorporated in the structure of HAp and 
substituted for some hydroxyl and/or phosphate groups. Sheet-like HAp 
nanocrystals agglomerated into clusters of approximately around 0.5–2 µm. Solid 
state NMR confirmed the polymer-inorganic systems were intimately contact with 
Pluronic® and formed nanocomposites, but, for PAA polymer gel, calcium 
phosphate crystals appear to be larger and may not be in close contact with the 
polymer gel. The present study proved that precipitation of HAp in the presence of 
polymer gels is an effective way to form nanocomposite gels similar to one 
observed in natural bone. For structural applications, the inorganic content of the 
nanocomposite hydrogels should be improved while maintaining the nano structure 
of the composites. 
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Abstract 
Hydroxyapatite (Ca5(PO4)3OH) has been prepared by urease-catalyzed urea 
hydrolysis. The experimental parameters assembled as an orthogonal test with 
several Ca2+ and PO43- concentrations and temperatures. Low inorganic ion 
concentrations (0.2M and 0.4M) and low temperatures (room T and 37˚C), resulted 
in mainly calcium carbonate (CaCO3, calcite) whereas for higher Ca2+ and PO43- 
concentrations and temperatures (i.e., 1.0M and 1.5M at 60˚C), HAp was the 
dominant phase. The urease activity has been confirmed to be affected by high 
concentration of buffer phosphate solution. Low phosphate concentration may 
facilitate the urea hydrolysis to release CO2 at a faster rate which reacts with Ca2+ to 
form CaCO3.     
 
Introduction 
Hydroxyapatite (HAp) has long been investigated as a biomedical material for 
human hard tissues due to its similarity to the composition of natural bone and teeth, 
and excellent biocompatibility as well1-4. Among all the calcium phosphate 
compounds, HAp is the most stable and least soluble phase in the neutral pH range5 
(Figure 3.1). 
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(a)                                                             (b) 
Figure 3.1 Solubility phase diagrams for the ternary system, Ca(OH)2-H3PO4-H2O, 
37˚C showing the concentrations of (a) calcium and (b) phosphate as a function of 
pH in solution saturated with various calcium phosphate salts5. 
 
Enzymetic urea hyrolysis is one of the wet chemical medthods to prepare a number 
of hydroxides, oxides and other sparingly soluble salts in aqueous solutions. In this 
method, urea is decomposed homogeneously by the catalytic action of urease and 
generates ammonia which raises pH of the solution gradually6. Additionally, carbon 
dioxide that forms during the urea hydrolysis is incorporated into the structure of 
HAp to form carbonated hydroxyapatite (CO3HAp) which is chemically closer to the 
natural bone mineral than pure HAp7. 
 
The thermodynamics, kinetics, and mechanism of urease-catalyzed urea hydrolysis 
have been studied at some detail previously8-14. It was also shown that higher 
phosphate concentrations act as a buffer that inhibits the activity of urease15-18. In 
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acidic solutions, activity of urease was too low whereas the large amount of urea 
leads to a highly alkaline medium that inhibits the urease activity as well18. 
Furthermore, temperature and concentrations of urea and urease also affect the 
activity of urease13.   
 
Biomimetic approach should favor the urea-urease process to form HAp since 
enzyme functions optimally near human body temperature. Carbonated amorphous 
hydroxyapatite precursors (α-CO3HAp) were obtained at 37˚C in urea and enzyme 
urease containing simulated body fluid (SBF)19, 20. After calcining at 1100˚C for six 
hours, amorphous solid was transformed to crystalline, single-phase HAp. 
 
HAp film was also formed on Ti substrate by immersing in urea and urease 
containing SBF for one week. The resulting films had poor crystallinity and consisted 
of a sheet-like carbonate-containing HAp with preferred (002) growth direction4. 
Bone-like hydroxyapatite precipitation on the surface of silk cloth with immobilized 
urease treatment was reported by Unuma et al21. The product HAp was formed 
within three hours by alternatively soaking in calcium and phosphate solutions. The 
product showed low crystallinity, with carbonate ion incorporation into both 
phosphate and hydroxide sites, and was calcium deficient. 
 
It was also shown that the homogeneously precipitated HAp incorporated CO32- ions 
as a result of urea decomposition by urease catalysis22. Jokic et al also found that 
lower the ratio of the concentration of reactants-to-urease higher the OH- release 
rate, which leads to higher rate of apatite nucleation and smaller particles.  
 
Urease-catalyzed urea decomposition is considered to be a preferred route to 
deposit HAp6,21. The primary objective of this study is to determine the experimental 
parameters including concentrations of reagents, catalyst urease, as well as the 
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reaction temperature and time on the characteristics and yield of the calcium 
phosphate that forms. 
 
Materials and methods 
All chemicals used in this research were obtained from Fisher Scientific (Fair lawn, 
NJ) and were of laboratory grade and purity. All chemicals were used as received. 
 
Table 3.1 Concentrations of Calcium and Phosphate solutions, amounts of urea and 
urease, and the reaction temperature used in the orthogonal test 
Sample 
Ca(NO3)·2H2O 
/mmol 
NH4H2PO4 
/mmol 
Urea 
/g 
Urease 
/mg 
Temperature 
/˚C 
0.2-RT* 30 18 3 50 RT 
0.2-37 30 18 2.4 40 37 
0.2-60 30 18 1.6 30 60 
0.4-RT 30 18 4 100 RT 
0.4-37 30 18 3.6 90 37 
0.4-60 30 18 3 80 60 
1.0-RT 15 9 15 1000 RT 
1.0-37 15 9 12 700 37 
1.0-60 15 9 8 400 60 
1.5-RT 15 9 20 1500 RT 
1.5-37 15 9 16 1000 37 
1.5-60 15 9 11 500 60 
*0.2-RT indicates concentration of calcium ion, and the aging temperature as room 
temperature (RT). Similarly, 37 and 60 indicate 37˚C and 60˚C aging temperatures 
respectively. 
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Each sample was prepared by mixing calcium and phosphate containing solutions, 
urea, and urease together. For calcium and phosphate source, 1.5M of calcium 
nitrate (Ca(NO3)2·2H2O) and 1.5M of ammonium dihydrogen phosphate (NH4H2PO4) 
were used. The samples were placed at room temperature (RT), in a water bath at 
37˚C, and in an oven at 60˚C. The experimental reagent concentrations, urea and 
urease amounts as well as the aging temperatures are shown in Table 3.1. 
 
 
During aging, pH of the solution was measured every several hours, and in every 
case, the pH values increased and reached pH ≥ 8.0 after 10 days. Figure 3.1 
shows pH change as a function of time for various samples. 
 
(a) 
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(b) 
 
(c) 
Figure 3.1 Change in pH with time at (a) RT, (b) 37˚C, and (c) 60˚C 
 
65 
 
 
At the end of aging period, the precipitated product was separated from the 
supernatant liquid by centrifugation at a speed of 4000 rpm. The precipitate was 
washed with deionized water and centrifuged three times to remove unreacted salts 
and urea before air-drying at room temperature for one day. 
 
Characterization of the precipitate 
Structure of the precipitates was determined by a θ-θ X-ray diffractometer (Scintag, 
XGEN-400, Cupertino, CA). All air-dried samples were ground into fine powder and 
placed on a zero background sample holder. The pressed powder surfaces were 
made flat and smooth. The Cu Kα X-ray source was set to 45kV and 40mA and the 
samples were scanned at a rate of 0.8 degree/min over a 2θ range from 10° to 60°. 
ICCD database and Scintag DMSNT search/match software was used to carry out 
the phase analysis. 
 
Thermogravimetric analysis (TGA) of the precipitated powder was performed by a 
Q50 thermo gravimetric analyzer (TA instruments, New Castle, DE) to aid in 
analyzing the composition of the solid phase. Approximately 25 mg sample was 
placed in a platinum holder and the experiments were carried out in a flowing air 
environment in lab atmosphere. The program was first set to hold at 50˚C for 1 min, 
then heated from 50˚C to 120˚C at a rate of 5.0˚C /min, and finally, heated from 
120˚C to 900˚C at a rate of 10.0˚C /min. Change in sample mass as a function of 
temperature was recorded and related to decomposition of sample. 
 
Fourier transform infrared spectroscopy (FTIR, Brucker, Brucker IFS 66v/S, Fremont, 
CA) was used for assessing the nature of the chemical bonding. KBr powder 
compact was run as the background material. The air-dried powder samples were 
mixed and ground with KBr powder at a sample-to-KBr mass ratio of 1:100. The fine 
powder was then pressed into a pellet. The samples were scanned in the 
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wavenumber range of 4000cm-1 to 400cm-1 at a resolution of 4 cm-1, and a scan time 
of 256 seconds. 
 
The surface morphology of the powders were observed by scanning electron 
microscopy (SEM, JEOL, JEOL 5910LV, Peabody, MA). Double stick adhesive 
carbon tape was placed on an aluminum stub, and then attached to the powder well 
on the carbon tape. The specimen was coated by a sputter coater with a target 
containing 80% palladium and 20% gold for 3 min. SEM was set to SEI mode, using 
10kV, and aperture # 2 (30 µm in diameter). 
 
Energy dispersive spectroscopy (EDS, ThermoNORAN, Vantage, Waltham, MA) 
was performed to gain information about the elemental composition of the samples. 
The powders were mounted on alumina stubs that were same as SEM, except they 
were coated with carbon by sputter coater to minimize the signal loss. 
 
Results  
Solutions with ion concentrations of 0.2M and 0.4M exhibited a sharp pH increase 
for each temperature as illustrated in Figure 3.1 (a)-(c). For these samples, the pH 
reached ≥ 8.0 within several hours. However, for 1.0M and 1.5M solutions, it took 
much longer time to reach the desired pH, especially for the 1.5M solution, it took 
almost 10 days. Moreover, at the higher temperature 60˚C, both 1.0M and 1.5M 
samples took longer time than they did at lower temperature to reach to the 
expected pH. This might indicate that the effectiveness of urease in catalyzing urea 
decomposition at elevated temperatures is lower than at 37˚C, or even than at room 
temperature.  
 
XRD patterns of powders obtained from 0.2M and 0.4M solutions clearly show well 
crystallized calcium carbonate (calcite, ICCD card # 05-0586) at room temperature 
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and 37˚C, but rather weak reflections at 60˚C as shown in Figure 3.2 (a) and (b). As 
the temperature increases, HAp (ICCD card # 09-0432) peaks become more defined 
as indicated by its most intense peaks appearing around 2θ = 26° and 32°, and 
presumably HAp content gradually increases becoming the dominant phase at 60˚C. 
 (a) 
 
(b) 
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(c) 
 (d) 
Figure 3.2 XRD spectra of all powder samples, (a) (b) (c) (d) show 0.2M, 0.4M, 1.0M, 
and 1.5M calcium phosphate containing samples at different temperatures 
respectively; ● stands for calcium carbonate (calcite) and star represents HAp  
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However, at high calcium and phosphate concentrations (1.0M and 1.5M), calcite 
peaks are quite weak at lower temperatures and disappear completely at elevated 
temperatures. On the other hand, HAp phase appear to be the dominant albeit not 
well crystallized. (Figure 3.2 (c) and (d)). 
 
Figure 3.3 shows the TGA thermograms of the samples as a function of temperature 
in air. Mass loss observed for all samples below 120˚C is due to evaporation of free 
water. The mass loss observed between 200˚C and 400˚C may be attributed to the 
decomposition of unreacted urea and urease trapped in the powder. The urea and 
urease may have been incorporated into the calcium phosphate phase and not 
removed completely during the washing step.  
 
Thermograms of low ion concentrations (0.2M and 0.4M) exhibit a dramatic drop 
from 600˚C to 800˚C. They were calculated to be ~35 wt% in both 0.2-RT and 0.4-
RT samples. This mass loss may be attributed to the decomposition of calcite 
generating CO2 and CaO. This prediction was supported by X-ray diffraction data. 
The residue after heating to 900˚C show characteristic HAp and CaO diffraction 
peaks (not shown). 
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Figure 3.3 TGA results of samples 0.2-RT, 0.4-RT 1.0-37 and 1.5-60 with 59 wt%, 
48 wt%, 44 wt% and 67 wt% inorganic residues respectively. For high concentration 
samples (1.0M and 1.5M) no significant mass loss is observed above 600˚C that 
could be attributable to calcium carbonate decomposition.  
 
FTIR spectra of samples prepared from low calcium and phosphate concentrations 
(0.2M and 0.4M) clearly show carbonate vibrations (Figure 3.4 (a) and (b)). The well-
defined peaks at 712 cm-1 and 870 cm-1 are assigned to CO32- bending vibrations, 
whereas broad peak around 1440 cm-1 and the weak peak at 1800 cm-1 are 
attributed to CO32- streching23,24. Absorption peaks at 870 cm-1 and 1440 cm-1 may 
be attributed to both calcite and the carbonate that is incorporated in HAp25. 
 
On the other hand, frequencies at 563 cm-1 and 600 cm-1 are assigned to phosphate 
ν4 bending; and the characteristic vibration at 1030 cm-1 is assigned to PO43- ν3 
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bending22. Broad peak around 3440 cm-1 is due to the association of water with the 
poorly crystalline HAp phase26.  
 
It is obvious that with the higher temperature carbonate vibrations gradually become 
less intense, which is in agreement with the XRD results that the calcite phase 
content decreases and eventually disappears as the temperature increases and 
more HAp forms. 
 
(a) 
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(b) 
 
(c) 
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(d) 
Figure 3.4 FTIR spectra of powder samples prepared at concentrations: (a) 0.2M, (b) 
0.4M, (c) 1.0M, and (d) 1.5M and at several aging temperatures for each 
concentration 
 
Phosphate peaks dominate the FTIR spectra in 1.0M and 1.5M samples (Figure 3.4 
(c) and (d)). Well-defined peaks at 561 cm-1 and 600 cm-1, 1025 cm-1 and 1110 cm-1 
are assigned to PO43- ν4 and ν3 bending22. As alluded above, the absorption peaks at 
872 cm-1 and 1460 cm-1 represent carbonate that may be from both calcium 
carbonate and the carbonate incorporation into HAp structure25. The hydroxide 
groups in the structure reveal absorption bands at 1625 cm-1, 1670 cm-1 for bending 
and 3330 cm-1 for O-H stretching24, 25. 
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(a)                                                             (b) 
 
(c) 
Figure 3.5 Morphology of sample 0.2-37. Irregular cubic crystals shown in (a) and 
layered crystals shown in (b) are considered to be calcite23, whereas rounded 
particle in (c) is the organic phase. Scale bar = 5 µm 
 
Two SEM micrographs shown in Figure 3.5 indicate three different types of 
morphology for Sample 0.2-37. The irregular cubic shaped crystals in Figure 3.5 (a) 
and layered crystals in (b) were confirmed to be crystalline calcite by EDS, for which 
no phosphate signal was observed. Calcium to oxygen ratio was about Ca/O = 1/3, 
as expected for CaCO3. The big round ball in Figure 3.5 (c) is believed to be an 
organic phase, either unwashed/unreacted urea or urease particle. 
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(a)                                                            (b) 
Figure 3.6 Surface morphology of sample: (a) 1.0-60, and (b) 1.5-RT. Both exhibit 
spherical particles with sheet-like surface features. Scale bar = 5 µm 
 
However, in the specimen with higher concentrations of Ca2+ and PO43-, calcium 
carbonate and organics are hard to find. Instead, there are spherical particles with 
sheet-like surface features that are ~2 µm in diameter (as shown in Figure 3.6). The 
morphology of these spherical particles is consistent with the HAp particles formed 
in the presence of polymer by urease catalyzed urea decomposition that are 
described in Chapter 2 as well as in literature4, 22. These particles were confirmed to 
be HAp with a Ca/P ratio of ~1.62 from EDS elemental analysis which is close to the 
ideal Ca/P ratio in HAp (1.67).   
  
Discussions 
In most cases, when Ca2+ and PO43- are mixed in stoichiometric ratio (Ca/P = 1.67), 
the product is HAp. However, in the present work, calcite was formed and dominated 
the precipitate composition in low ion concentrations and at low temperatures as 
confirmed by XRD, FTIR, SEM and EDS results discussed above.  
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In the case of low ion concentrations, the buffer effect of phosphate is considered to 
be negligible, thus the urease activity is not significantly inhibited by phosphate 
which may facilitate a faster rate of urea hydrolysis. Consequently, the rate of carbon 
dioxide production is accelerated. When the concentration of CO32- is small, it can be 
easily incorporated into HAp structure. However, if CO32 concentration is sufficiently 
high, the calcium ions in the solution would form CaCO3 rather than HAp. In these 
low concentrations (e.g. 0.2M or 0.4M), the pH increase by urea hydrolysis was quite 
fast (Figure 3.1) which indicates that both urea decomposition is fast and the CO2 
released is mostly in CO32- form rather than HCO3- leading to supersaturation with 
respect to CaCO3. Thus, it is possible that the high CO2 leads to supersaturation of 
CaCO3 before the saturation for HAp is reached. This does not preclude, however, 
that HAp may form first, but with decreasing PO43- concentration, the solution may 
become supersaturated with respect to CaCO3 with high CO32- concentration. In 
order to clarify if either or both of the mechanism are plausible, the complex 
equilibrium concentrations of each species in the solution at these temperatures and 
ionic strength should be determined. 
 
In contrast, in the higher concentration (1.0M and 1.5M) solutions, the initial Ca2+ 
and PO43- concentrations were much higher, thus the nucleation and growth of 
calcium phosphate might occur before solution is supersaturated with respect to 
CaCO3. The slow pH rise (Figure 3.1) implies that both slow CO2 generation as well 
as the fact that most of the carbonate will be in the form of HCO3- rather than CO32- 
reduces the probability of reaching supersaturation with respect to CaCO3. However, 
this does not prevent incorporation of carbonate ions in the HAp structure either 
substituting for hydroxide or phosphate ions.  
 
On the other hand, when the temperature is high enough, even if CaCO3 formed, it 
may transform to HAp in the presence of high concentration of PO43- with an 
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appropriate Ca/P ratio27. Thus, samples aged at 60˚C showed HAp formation almost 
exclusively.  
 
Conclusions 
Experiments were carried out with different Ca2+ and PO43- concentrations and 
temperatures. The products showed calcite formation particularly at low ion 
concentrations and at low temperature. With the increased concentration and 
temperature, HAp emerged as the dominant solid phase in the precipitated powder. 
Spherical particles of hydroxyapatite with sheet-like surface features formed in all 
samples. Analysis of HAp powders showed that the particles were carbonated and 
nanocrystalline.  
 
Formation of calcium carbonate might be attributed to the rate at which CO2 is 
generated from urea decomposition along with the pH of the solution. At higher ion 
concentrations and higher temperatures, HAp became the dominant solid phase. 
CaCO3 is essentially absent at high concentration/temperature combinations. 
Moreover, it is conceivable that even if CaCO3 forms in the early stages of the 
precipitation, it may transform to a more stable HAp phase in the presence of 
phosphate at elevated temperatures. 
 
Urease-catalyzed urea decomposition route is shown to be an attractive method to 
produce carbonate-substituted, nanocrystalline HAp especially at relatively low ion 
concentrations and at body temperature. 
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Chapter 4: General Conclusions 
 
Summary and conclusions 
Formation of Hydroxyapatite with or without self-assembling tri- and pentablock 
copolymers by urease facilitated urea decomposition was investigated.  
 
Pluronic® F127 and its modified pentablock copolymers with poly(2-
diethylaminoethyl methacrylate) (PDEAEM) and poly(acrylic acid) (PAA) blocks were 
mixed with calcium and phosphate solutions. Excess urea and urease were also 
added to raise the pH upon hydrolysis to facilitate calcium phosphate precipitation. 
The process was carried out at three set temperatures: room temperature (RT), 
37˚C and 60˚C and the solutions were aged for up to 10 days. The pH of the solution 
gradually increased to ~8.0 resulting in the formation and growth of amorphous HAp 
in the presence of polymer gels as indicated by XRD and EDS, and crystallized upon 
drying. Fourier transform infrared spectroscopy (FTIR) confirmed that significant 
amount of carbonate ions were incorporated into the HAp structure. The substantial 
amount of CO2 released from urea decomposition is likely to be the major source of 
carbonate in the HAp structure.  
 
A plausible mechanism for the formation of polymer/HAp nanocomposite hydrogels 
may be offered: the thermo- and pH-reversible block copolymers self-assemble into 
micelles at lower temperature and/or concentration with the polar end groups aligned 
toward aqueous solution to which Ca2+ and PO43- will adsorb. At higher polymer 
concentrations and/or temperatures, the micelles are believed to aggregate and form 
gels. The experiments carried out in this work had concentration/temperature 
combinations that formed polymer hydrogels. Of the three types of block copolymers 
employed and under the experimental conditions, Pluronic® has OH groups which 
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are slightly negatively charged, PDEAEM has cationic amino groups, and PAA has 
negatively charged carboxyl groups. These charged micelle surfaces provide lower 
energy nucleation sites for the precipitation of calcium phosphate.  
 
The morphology of HAp nanocrystals were sheet-like with dimensions in hundreds of 
nanometers long and only 5-10 nm thick. TEM and SEM showed the sheet-like 
nanocrystals of HAp agglomerated to form 0.5 to 2 µm clusters. Solid-state NMR 
showed that the organic and inorganic phases were in intimate contact in the 
nanocomposite structure. The sample prepared with triblock Pluronic® copolymer 
and aged at 37˚C showed stronger polymer-calcium phosphate association 
compared to the one prepared with PAA at 60˚C. Whether the type of polymer 
employed or the temperature of the process plays a critical role in this association is 
yet to be determined. It is likely though, higher temperatures might lead to a fewer 
nucleation sites and higher growth rate of HAp crystallites, leading to lower contact 
area with the polymer surface. 
 
Formation of HAp in neutral pH environment and in the presence of self-assembling 
block copolymers has been successfully demonstrated. It was also shown that the 
polymer and HAp are in intimate contact at least in the case of sample Pluronic-HAp 
and PAA-HAp. 
 
The orthogonal test aiming to determine the experimental parameters including 
concentrations of reagents, catalyst urease, and the reaction temperature on the 
characteristics and yield of the calcium phosphate forms was carried out. The rate of 
pH increase in low calcium and phosphate concentrations (0.2M and 0.4M) and low 
temperatures (room temperature and 37˚C) were fast, whereas solutions with higher 
concentrations (1.0M and 1.5M) and temperature (60˚C) took longer time to reach 
the desired pH level. At low concentrations and low temperatures, the major 
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inorganic phase was calcium carbonate (calcite), and it accounted for a considerable 
amount (~35 wt%) of the dried products. The calcite particles exhibited irregular 
cubic and layer-like crystalline phase whereas HAp mainly showed spherical 
particles about 2 µm in diameter with net-like surface.  
 
Higher concentrations and temperatures, on the other hand, favored the formation of 
HAp. Urea hydrolysis generates CO2 and NH3, which on one hand raises the pH by 
forming OH-. The hydroxide ions in turn control the concentrations of PO43- and CO32 
in the solution according to the following equations: 
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Thus, concentrations of PO43- and CO32- will determine whether CaCO3 or HAp 
(Ca5(PO4)3OH) or both precipitate at a given temperature, time, and Ca2+ 
concentration combination according the following reactions: 
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Since OH- ions participate in the HAp precipitation, the process is further 
complicated. Finally, since the supply of calcium, phosphate, and carbonate ions are 
continuously changing throughout the process, quantitative description of the 
precipitation process becomes challenging. 
 
However, some qualitative statements based on the experimental observation are 
warranted. At low ionic concentrations, urea decomposition leads to an increase in 
pH quite effectively since less OH- is consumed by H2PO4- according to the above 
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reactions. Thus, having sufficient CO32- ions favors the formation of CaCO3. On the 
other hand, when the concentration of inorganic ions is high, the pH increase is 
rather slow and CO2 is expected to be mostly in HCO3- (at pH ≤ 6.5) hence, CaCO3 
does not precipitate. 
 
Future work  
The study described above resulted in block copolymer/HAp nanocomposite 
hydrogels with inorganic component accounting approximately 10 wt% of the dried 
product. Realizing that the calcium phosphate content of the natural bone is about 
65-70 wt%, attempts may be made to increase the inorganic content of the 
nanocomposites. This is possible if the self-assembling block copolymer is made to 
gel at much lower concentrations. Furthermore, inhibition of urease activity by 
phosphate ions requires a closer examination. Perhaps, precipitation agents other 
than urea should be considered.  
 
Although micelle formation and aggregations of these micelles into gels have been 
demonstrated for some of the block copolymers previously, we have been unable to 
observe micelle structures directly in this study. Additional effort is needed on 
investigating the morphology of polymers in the gel state. The small angle X-ray and 
neutron scattering (SAXS and SANS) experiments are needed to determined the 
structural features and ordering in the hydrogels. SAXS has a higher sensitivity on 
the structure of the inorganic phase, while SANS mainly probes the structure of the 
polymer phase. 
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